ABSTRACT A promising way to improve the performance and guarantee the quality of service (QoS) of cognitive wireless cooperative relay networks is to jointly employ physical-layer network coding (PNC) and multi-antenna space-time block coding. This paper proposes a new multi-user transmission coding scheme, cooperative quadrature PNC (CQPNC), for cognitive wireless networks. In CQPNC scheme, two source nodes (users) first use quadrature carriers to transmit signals simultaneously, which are received and processed by a cooperative relay node using the PNC method. The processed signal is then transmitted to the destination node, which makes a combination of the signals from the direct path and relay path to obtain the information transmitted by the source node. Simulation results in difference cases of cognitive wireless networks show that the CQPNC scheme outperforms the traditional cooperation and cooperative network coding transmission schemes on the performance of anti-noise and throughput.
I. INTRODUCTION
In order to tackle the problems of spectrum scarcity and low spectrum efficiency, Cognitive Radio (CR) [1] was proposed. CR means that, on the premise of ensuring authorized users' communication quality, other wireless terminals are allowed to opportunistically access the licensed spectrums for spectrum efficiency improvement. In CR networks, secondary users (SUs) can share primary users' (PUs) spectrum resources. It requires that the SUs' interference should be lower than a threshold which can be tolerated by PUs. Such a CR work mode is known as the underlay mode, which is the presupposition of the whole works in this paper.
Under the influence of multipath fading and shadow effect, the performance of spectrum sensing and spectrum access decrease dramatically. To solve this problem, cooperative relay [2] , [3] is introduced to CR. Cooperative relay is a space diversity technology which has been widely developed in recent years. Cooperative communications can increase system capacity, improve networks' Quality of Service (QoS), and enhance system performance in wireless fading conditions. In CR networks, cooperation can be employed between the SUs or between PU and SU. According to application cases, cooperative relay might be able to improve system throughput and spectrum efficiency [4] , [5] . As a result, cognitive wireless cooperative relay system has been payed more attentions in wireless communication area [6] - [9] .
Most of the previous research works on cooperative relay in cognitive wireless networks focused on the case that one relay node just serves one source node [10] , [11] . The appearance of network coding (NC) [12] , [13] and physical-layer network coding (PNC) [14] , [15] makes it possible that one relay node is capable of serving multiple source nodes simultaneously. Li et al. [16] introduced NC to cooperative cognitive networks, in which two source nodes cooperate with each other and transmit their information to two destinations nodes. In essence, the system model is still one relay node serving one source node. Bi-quadrature physical-layer network coding, proposed in [17] and [18] , is applicable to cooperative network model with two source nodes and one relay node. The authors of [19] implemented NC in cooperative network to make one relay node being able to serve two source nodes, and the cooperative network system performance was enhanced. However, to the best of our knowledge, there have been no studies about multi-user cooperative transmission based on NC (or PNC) in CR networks.
In this paper, a multi-user cooperative transmission scheme based on PNC and multi-antenna space-time block coding (STBC), named cooperative quadrature physical-layer network coding (CQPNC), is proposed and employed in cognitive wireless cooperative relay networks. Compared with traditional cooperation (TC) and cooperative network coding (CNC) transmission, CQPNC can significantly improve the system performance on bit error rate (BER) and throughput.
II. MULTI-USER COOPERATIVE NETWORK MODEL
As depicted in Fig. 1 , a two-user cooperative network model contains two source nodes, one relay node, and one destination node. Source nodes S 1 and S 2 transmit information to the same destination node D with the help of cooperative relay node R. Node R can be decided through some relay selection algorithms [20] . Node R works in Decode-and-Forward (DF) relaying mode. All transmitting nodes (source nodes and relay node) in the networks are equipped with N antennas. For simplifying, we assume N = 2 and the antennas equipped at the same node are independent. We use (N S , N R , N D ) to indicate the number of antennas on the involved nodes, where N S , N R , and N D represent the number of antennas on source nodes, relay node, and destination node, respectively. Then, we consider two cases: (2, 2, 1) and (2, 2, 2). In addition, we define the time consumed by a single-hop transmission as a time slot (TS).
The cooperative transmission is divided into two phases: broadcasting and relaying. During the broadcasting phase, source nodes broadcast information to destination node and relay node; whereas during the relaying phase, the relay node forwards the received information to the destination node after necessary processing, and the destination node can combine the information received during the two phases to obtain the source nodes' information. Assuming that MPSK modulation is adopted, the transmit power of each node is equal, the channel is Rayleigh flat fading, and the receivers can acquire exact channel state information (CSI). The channel fading coefficient is defined as h = h r + jh i and the probability density function (PDF) of h's amplitude |h| is
In transmission, the source nodes first implement MPSK modulation to get the symbols, and then the symbols will be processed with Alamouti STBC [21] . The relay employs DF relaying scheme and the information after decoding is also processed with STBC and transmitted to the destination node. During the broadcasting phase, the information transmitted by the two source users is
where x ij is the transmitted information on node S i 's j th antenna (i, j = 1, 2). 
where h S i Rmn , h S i Dmn , and h RDmn (m, n = 1, 2) are the complex fading coefficients between the n th transmit antenna and m th receive antenna of the links S i -R, S i -D, and R-D respectively.
III. RELATED WORKS A. TRANDITIONAL COOPERATION
In traditional cooperative transmission, the system commonly works on time division multiple access (TDMA) mode. We take the Case (2, 2, 2), i.e., each node is equipped with two antennas, for analysis. Case (2, 2, 1) is a simplification of Case (2, 2, 2).
Without loss of generality, we take user S 1 as example. During the broadcasting phase (TS 1 and TS 2), S 1 transmits information X 1 . The received signals at the destination node D in two consecutive time slots are expressed as (4), respectively.
where y k S 1 Di is the received signal of the i th antenna in the k th time slot at node D during the broadcasting phase (i, k = 1, 2), and n k S 1 Di is the received noise of the i th antenna in the k th time slot at node D during the broadcasting phase
The received signals at relay node R in two consecutive time slots in the broadcasting phase are
where y k S 1 Ri is the received signal of the i th antenna in the k th time slot at node R during the broadcasting phase (i, k = 1, 2), and n k S 1 Ri is the received noise of the i th antenna in the k th time slot at node R during the broadcasting phase (i, k = 1, 2). According to (5), node R can obtain user S 1 's combing information:
Then the relay node R employs maximum likelihood (ML) decoding algorithm to obtain the estimated information of S 1 :
wherex R1n is the n th estimated information of S 1 . During the relaying phase (TS 3 and TS 4), relay node R transmitx R1n to the destination D with Alamouti STBC. The transmitted signal is
The received signals at the destination node D in two consecutive time slots in the relaying phase are
where y k RDi is the received signal of the i th antenna in the k th time slot at node D during the broadcasting phase (i = 1, 2; k = 3, 4), and n k RDi is the received noise of the i th antenna in the k th time slot at node D during the broadcasting phase (i = 1, 2; k = 3, 4). According to the received signal during the two phases, i.e., (4) and (9), the destination node D can obtain the combining information of S 1 :
Then the destination node D performs decoding with ML and obtains the estimated information of S 1 :
wherex 1n is the n th estimated information of S 1. The cooperative transmission of user S 2 's information is similar as that of user S 1 's information, which needs another 4 time slots.
B. COOPERATIVE NETWORK CODING TRANSMISSION
Case (2, 2, 2) is also taken into account. For CNC transmission, the broadcasting phase can be divided into two parts: VOLUME 6, 2018 the first and the second broadcasting phases. During the first broadcasting phase (TS 1 and TS 2), user S 1 broadcasts information X 1 , and during the second broadcasting phase (TS 3 and TS 4), user S 2 broadcasts information X 2 .
The received signals at the destination D and the relay R in two consecutive time slots of the first broadcasting phase are the same as (4) and (5). The relay R adopts ML decoding algorithm to estimate the transmitted information of S 1 which is the same as that given by (7) .
During the second broadcasting phase, the received signals at the destination D in two consecutive time slots are
where y k S 2 Di is the received signal of the i th antenna in the k th time slot at node D during the second broadcasting phase (i = 1, 2; k = 3, 4), and n k S 2 Di is the received noise of the i th antenna in the k th time slot at node D during the second broadcasting phase (i = 1, 2; k = 3, 4). The relay R performs the same signal processing as that in the first broadcasting phase and get the estimated information of S 2 :
wherex R2n is the n th estimated information of S 2 . During the relaying phase (TS 5 and TS 6), the relay node R modulates the estimated information of the two users, i.e., (7) and (13) , with QPSK method and transmits them to the destination D with Alamouti STBC scheme. The transmitted signal of relay R is
The destination D receives signals in two consecutive time slots and makes coherent detection to get the direct-current (DC) signals:
RDi,c
where y k RDi,c and y k RDi,s are the in-phase and quadrature components of received signal on the i th antenna in the k th time slot, respectively (i = 1, 2; k = 5,6 ); n k RDi,c and n k RDi,s are the in-phase and quadrature components of received noise on the i th antenna in the k th time slot respectively (i = 1, 2; k = 5, 6). According to (3)- (5) and (15), the destination D can obtain the combining information of user S 1 and user S 2 which are shown as (16) on the bottom of this page and (17) shown at the bottom of the next page. Then the destination node D employs ML decoding algorithm to further acquire the estimated information of the two source users:
wherex mn is the m th user's n th decoded information. Thus, it is seen that, in CNC transmission, the destination node obtains the two users' information with 6 time slots.
IV. COOPERATIVE QUADRATURE PHYSICAL-LAYER NETWORK CODING TRANSMISSION
In this section, the detailed signal processing of proposed CQPNC transmission is presented. Similarly, Case (2, 2, 2) is considered.
During the broadcasting phase (TS 1 and TS 2), source users S 1 and S 2 employ quadrature carriers to transmit their information X 1 and X 2 . The destination D receives signals in two consecutive time slots and makes coherent detection to get the corresponding DC signals: where y k SDi,c and y k SDi,s are the in-phase and quadrature components of received signal on the i th antenna in the k th time slot, respectively (i, k = 1, 2); n k SDi,c and n k SDi,s are the inphase and quadrature components of received noise on the i th antenna in the k th time slot, respectively (i, k = 1, 2).
According to the principle of CQPNC (jointly with STBC) signal processing shown in Fig. 2 , the relay node R can obtain the DC signal after coherent detection:
SRi,s (20) where y k SRi,c and y k SRi,s are the in-phase and quadrature components of received signal on the i th antenna in the k th time slot, respectively (i, k = 1, 2); n k SRi,c and n k SRi,s are the inphase and quadrature components of received noise on the i th antenna in the k th time slot, respectively (i, k = 1, 2).
According to (20) , relay R can get the combining information of user S 1 and user S 2 as
Then relay R can obtain the two users' information with ML decoding:
wherex Rmn is the n th decoded information of the m th user. During the relaying phase (TS 3 and TS 4), the relay R first modulates the estimated information of S 1 and S 2 . Then, the signals are processed with Alamouti STBC method and transmitted to the destination D. The transmitted signal is same as that shown in (14) . The destination D receives signals in two consecutive time slots and makes coherent detection to get the DC signals as
where y k RDi,c and y k RDi,s are the in-phase and quadrature components of received signal on the i th antenna in the k th time slot, respectively (i = 1, 2; k = 3, 4); n k RDi,c and n k RDi,s are the in-phase and quadrature components of received noise on the i th antenna in the k th time slot, respectively (i = 1, 2; k = 3, 4). According to (19) and (24), the destination node D can obtain the combining information of S 1 and S 2 which are shown by (25) and (26) at the bottom of the next page. Substituting (25) and (26) into (18) , the destination node D can obtain the information transmitted from S 1 and S 2 respectively.
Apparently, a complete cooperative transmission with CQPNC scheme can be finished within only 4 time slots.
V. SIMULATION RESULTS AND ANALYSIS
In this section, simulations are performed to compare the system performance of TC, CNC, and proposed CQPNC in three different network cases. In the simulation, to reduce the SU's effect to PU, we assume the transmit signal to noise ratio (SNR) of PU is 5 dB higher than that of SU. The multiuser cooperative network is symmetric. The source nodes are assumed to use BPSK modulation, Each node makes Alamouti STBC processing before transmission and they are with equal transmit power.
When the two source nodes and the relay node are all SUs, the BER and throughput curves of the three cooperation schemes are shown in Fig. 3 and Fig. 4 , respectively. In Fig. 3 , we can see that the BER performances of all three cooperation schemes are improved while the number of antennas increases. In Case (2, 2, 1), where the destination node is equipped with one antenna and the source and relay nodes are equipped with two antennas, respectively, CQPNC can provide about 1.2 dB BER performance enhancement when it is compared with TC and CNC and BER = 10 −4 . In Case (2, 2, 2), the enhancement of CQPNC is about 2.5 dB. As shown in Fig. 4 , the throughputs of all the three cooperation schemes are improved significantly along with the increasing of the number of antennas. More importantly, CQPNC can obtain the highest throughput as a result of saving time slots. When achieving stable transmission, the throughput of CQPNC is twice as TC and 1.5 times as CNC.
When the two source nodes are SUs and the relay node is PU, the transmit power of the relay node is set as 5 dB higher than that of the source nodes in the simulation. The BER and throughput curves of the three cooperation schemes are shown in Fig. 5 and Fig. 6 , respectively. In Fig. 5 , we can see that the BER performance of CQPNC has a significant enhancement while it is compared with that of the other two cooperation schemes. When BER = 10 −4 , the improvements are about 2.1 dB and 2.7 dB in Case (2, 2, 1) and Case (2, 2, 2), respectively. In addition, notice that BER of CQPNC in Case (2, 2, 1) is even superior to the other two cooperation in Case (2, 2, 2). This indicates that the SUs can obtain better transmission quality when a PU severs them as a relay. In Fig. 6 , it is also seen that the throughput of CQPNC is significantly higher than that of TC and CNC. When the two source nodes are PUs and the relay node is SU, the transmit power of each source node is set as 5 dB higher than that of the relay node in the simulation. The BER and throughput curves of the three cooperation schemes are shown by Fig. 7 and Fig. 8, respectively. Fig. 7 shows that the BER performance enhancement of CQPNC is limited (about 0.3 dB when BER = 10 −4 ) in Case (2, 2, 1); and the enhancement in Case (2, 2, 2) is about 1.4 dB when it is compared with that of TC and CNC. In Fig. 8 , we can also see that the throughput of CQPNC is significantly higher than that of TC and CNC.
As shown by the simulation, compared with TC and CNC, CQPNC scheme can provide a better BER performance. Furthermore, as a result of saving transmission time slots, CQPNC also has an even higher throughput.
VI. CONCLUSSIONS AND FUTURE WORKS
In this paper, PNC based multi-user cooperative relay transmission jointly with STBC in cognitive wireless networks is researched and CQPNC cooperative scheme is proposed.
In the proposed CQPNC, the source nodes employ quadrature carriers, the relay node employs IQ modulation, and the destination node combines the signals from the direct path and relay path to obtain the information from the corresponding source nodes. We simulate the BER and throughput performances of TC, CNC and CQPNC in different antenna conditions and network cases.
The simulations show that CQPNC scheme can provide better BER and throughput performance than the other two schemes when the destination node is equipped with one antenna or with two antennas. Especially for the case that all nodes are equipped with two antennas, when the source nodes are SUs and the relay node is a PU, CQPNC can provide about 2.7 dB BER performance enhancement than TC and CNC. On the other hand, CQPNC also provide significantly high throughput due to the reduced number of transmission time slots.
The cognitive wireless network model of this paper is symmetric and channel coding is not taken into account. In future works, we will further consider asymmetric network model which is more realistic and research joint design on channel coding and network coding to achieve an even better system performance.
